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IZ^fROOUCTIC.I 

Stntenvont of tho Thesis IVrblga 

V-Tion the aerodynsaio Tor cog actinj^ on a .'Tiodel are trsnemitted 
through struts, stings, etc, to tho ^vind tunnel rigging for detor- 
aiiaation thoro are several corrections to bo made to compensate for tho 
various other foroos which have unavoidably entered into the rigging* 
ibaong those are tho taro corrections for tho deflection of tho model 
supports. These corrections wero satisfactorily made in tho case of 
slow speed aircraft in which the taro drag is small in comparison 
with the drag of the airplane. However, the performance of tho aev; 
jot airplanes and missilos with oxtromely low drag and high speedy 
approaching tho speed of sound and higher, cannot bo satisfactorily 
evaluated using the sane balance system, A balance system to give 
satisfactory data on the aerodjTiamio forces acting on those low drag 
high speed airplanes should moasure only the forces acting on the 
model vdth a very high degree of accuracy, Tliis can host be aohiovod 
through use of an internal balance system. 

Among tho many advantages which can be realized through use of a 
balance system which can be placed inside a model ore: (a) The above 
mentioned oorreotions can be eliminated, (b) The balance system can 
be designed for the loads acting on the model alone, thereby increasing 
the sensitivity and accuracy, (c) The complexity of tho wind tunnel 
rigging can bo reduced end, (d) The electrical sensing of all the 
maasurod components simultaneously permits thair direct automatic 
recording, thereby saving time and rnducing personnel requirements. 

It is tlie purpose of this thesis to describe a small internal 



belenco system which has boon de£jir.tirjd to measure the six aerodynamio 
forces and monouts which act on a model being tested and thereby 
realising the above mentionod advantages, 

B, Survey of the Field 

Internal balance systems for measuring three or four of the 
eerodynemio forces and moments have boon used for several years. These 
balances, in general, have boon large in size thus restricting their 
use to largo size models, lYurthermore, galling of bearing surfaces and 
internal friction has in many cases reduced their load capacity and 
accuracy. 

During the past year the author has boon able to visit the follow- 
ing Botivities for the purpose of becoming acquainted with the details 
of the balance systems being usod j (a) Tlie Cooperative Wind Tunnel 
at Pasadena, California, (b) Amos Laboratory of NACA at Moffett Field, 
California, (o) Horth Americen Aviation Inc,, at Inglewood, California, 
Tho Coonorativc V*ind Tunnel has throe internal strain gage balance 
systems of tho beam type. Two of those balances maesuro lift, drag and 
pitching moment while the third also measures rolling moment. Those 

balances aro largo in size, A fourth balance system in use et the 

Cooperative Wind Tunnol, while not of tho internal typo, is of partic- 
ular interest; This is the transonic bump balance to which the half 
model is secured for testing. This balanoe is also of the beam type 
and measures all six aerodynamic forces and moments, 

Ames Laboratory 1x3 foot supersonic wind tunnol uses a four 
component beam type strain gage balance system in which all tho beams 
ere locatod in the sting and shielded from the air stream by a two inch 
diameter shield. The features of this balance are x (a) Use of ball 

bearings in races for transmitting the load to the booms, (b) Dro^ and 



rollin,^ nionent boams are readily interchange able, and, (o) The elootri- 
cal system is set up to record all readings ainultaneouely by puohing 
a single button, 

Horth -Aaerican Aviation, Inc, has developed a small six component 
internal strain care balance system for use in thoir new supersonic 
wind tunnel. This gage is being used oatiefactorily. It is fully 
described in ref, (a). 

Due to the rapid lapse of time and after a conference with Mr, 

Bell and Mr, Geymau of the Cooperative 'nind Tunnel it was decided that 
on internal strain gage balance system based on the North imerioan 
design promised the quickest and most satisfactory solution of the 
design problem at hand. This mat with the approval of Drs, Seohler and 



Klein, 
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Rolling -ioment 
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Tawing Moment 


1000 
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Iha balanoo, oxoopt for the rolling mocaent section, is to be mnde of 

corrosion resistant otaoi hast treated to 150,v)00 psi. The rolling 

1 

moment section is to be ciado of 75 ST Aluminum illoy and anodised, /• 
safety factor of fiva has bean used based on ultimate strength of ths 
material. A one and oua-quartor inch tapered saotion is provided at 
the forward and of the balanoo for attachment of the model. The after 
and of th© balanoo (the rolling motnent section) is designed to fit into 
the Cooperative Aind Tunnel sting, 

B, Lift end fitohing liiloment end Side Foroe and Yawing ^Moment Beams 

The two lift and pitching momant and side force and yawing moment 
beams are loceted one Just aft the model attacinnont and the other Just 
aft the drag section as shown in Fart VI, Lrawing l^o, 4-285-1, A three- 
quarter inch space is available for attacrjuent of one-half inch type 
3R-4 strain gagas. 

Lift end pitching moment are determinod by ceiculetinj; the moment 
in the two beams fi*om culiorution curves. The momenta are thbn plotted 
end the center of lift determined wliich would give moenents obbfli"’‘ 0 d at 
tho stations of the lift and pitching moE^bnt betiias. Then knowing 



-5- 



the location of tho acrodynsraio center of the model, the lift and 
pitching moment of tho modol are readily resolved. Sido force end 
yaTTing ioomon.ts are determined in an analogous oaxmer, 

C. Drag Beams 

Tlio tv.o drag boems are located in the center of the balance. 

Each is one-half inch long. They bend as a bean built in at both ends, 
ie, as a double cantilever beam. The drag force is determined by 
calculation of tho strain in the dreg beams, then, as before, determin- 
ing the drag from calibration ourvoe, 

D, Rolling Doaont Sootlon 

The rolling moment section acreTrs onto the after end of the roar 

lift beam and Is secured against becking off by two set screws. It 

is of 0,320 in, diameter oirculnr section with a wall thiolcness of 

0,0326 inches. It is shown in detail in Part VI, Drawing Uo, 1-285-2, 

/ 

Vihen tho rolling moment date are not desired the rolling moment section 
may be replaced 1:^ a steel section of greater stiffness. The rolling 
moment is figured by oaloulating the strain of the oirouler rolling 
moaent section in torsion. Then from oalibretion curves tho rolling 



moment is determined. 
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I?ir.TRU?j:^JTATI02J AIID CALI3RAT10IJ 



A, Positionin';^ of the Strain Gap;38 

Aocur&to positionin;; of the strain geges is essential if 
interactions sre to be kept small. It is believed this oan bast 
be done through the use of cardboard templates. The position of 
the various strain gages is sho?m in Fig, 1, 

B, Securing tho Strain Gages in Position 

Accuracy requires that the strain gages be insensitive to 
temperature end humidity changes, Amos Laboratory recommends the 
use of bakelite cement to secure the strain gages in position on the 
beam. This typo coaont requires baking in an oven to set. After 
oomonting the gago* in position they should be wapped with several 
layors of fine lisle cord Trhich is then coated with several coats of 
Glyptol to make the instnl led gage water and vapor proof, 

C, PJlectrlonl Conneotlono 

Tho following electrical details will simplify tho electrical 
system, increase the sensitivity and reduce interactions: (a) Supply 
voltage to all gages from common leads, (b) Use two gagas in each bridge 
as shown in Pig, 2, (c) The pair of gages in eroh bridge should be so 
arrangod that maximum sensitivity of tho strain to be measured is 
obtained and the other strain components (interoctions) are balanced 
out. This arrangement has been made in Fig, 1, (Exemploi LI and 
LI’ ere a pair of lift strain rages to be connooted into same bridge 
circuit, ) 

D, Calibration Procedure 

A simple and relatively inexpensive sot up for calibrating this 
type of strain gage system is described in Rof» (a). 
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.Lift and Pitching 
Uomont Ifonsuring 
Surfaces 




\S 




Drag Fore® 

JleaGuring Surface 

Side Force and Yawing Hanent 

sSoasuring Surfaces 



1 Rolling ffioneat MeaeiArlng Surface 



LI ) Oa opposite sides in* gage) 

LI*) Forward Lift Been Surface 

12 ) On opposite sides in* gage) 

L2*) Rear Lift Beaa Surface 

SI ) On opposite sides in* gage) 

SI*) Forward Side Force & Yawing Moment Surface 

32 ) Oa opposite sides (i' in* gage) 

S2*) Roar Side Force & Tewing lioraent Surface 

D1 ) On Drag Surface Forwerd in* gngo) 

Dl*) One gage ebOTo the other 

D2 ) Or Roar Drag Surface in, gages) 

D2*) One gage above the other 

R1 ) 46® to Rolling Moment Surface 

Rl*) ^ in* gage 90® roseetto) 

R2 ) 45° to Rolling Moiaent Surface 

R2*) 180° from Rl 4 Rl* in* gage 90° rosette) 



Pig* 1 Loontion of Strain Gagas 



LI 




(a) For two 
sonjsitive 
gagea. 




(b) For four 
senaitive 
gagga. 

(D & R Gages) 



Fig, 2, Bridge Connoctiona 




IV 




CALCULATICKS 



In tho' following calculations only the engineering formulae 
have been used, I^o attempt has been made to obtain an exact solu- 
tion, in fact, it is the author’s opinion that it would be impossible 
to obtain an exact solution because of the end offoots on such short 
beams. The lack of exactness will bo no handicap, however, since a 
safety factor of five on the ultimate strength of the material has boon 
used and since the actual strein for a given loading will bo obtained 
by calibration. 
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A, Lift and Pitching; koaont Maans 
llnia^, — 2600 in, lbs, 

I - .6G26(.925)^ - ,7864(, 28126)^ .0387 in^ 

12 

(t* - MC , 2600 X .4625 ^ 31,000 p.s.i. 

I “ ,038" 

■ B, Side Force and Yawing Moment Beams 

Kncx, X 1300 in, lbs, Lift & ?,.sl. Loads) 

I Si ,925 (.6625)^ - . 7854(. 28125)^ = .0175 in^ 
12 

(7^ - ?^C _ 1300 s: ,3625 _ 26.500 p.s.i, 

I ~ .0175 

C, Rolling Moment Sootioa 

Mmas, (Bonding) zn 3000 in, lb, 

K- (.820) (.7674)'^= .0612 

T 

(T'- Mo _ 3000 z 41 _ aoi^O p.s.i, 

*“ 7^ ^ .0747 " 

R»M, — 200 in, lbs, 

f - - 200 X ,41 .-870 p,3,i. 

^ Ip “ ,1224 

Ip =; 2 n I 3 J 3 , 1224 

D, Drag beair.fi 

( 0 ) Bonding 

Miuox, r 1150 in, lbs, * F - 1150 ». 575 lbs, 

*” 2 

ijipojt.in beam — 576 x ,25 — 144 in, lbs. 

Me _ 144 x .67 I ^ (1.14)^ x .050 

^ =. 13,300 poS.i. - ,00618 
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(b) Tonsion - tox:wrossio:i 
ilTiax, Zi 2300 in, Ibc, 

‘ 1150 lbs. 

“ 2 



^ = Z = 1150 ~ 20,200 p.B.i, 

A i,l4 n ,06 

(o) Dra^ Load 



i&icx, — 37,6 X ,26 


9,4 


in, lbs. 


0 ^ = 


Me 9,4 X 


,019 X 


10® 


I 1, 


.138 


^ = 


15,000 p,3,j 


L, 


I _ 1,14 X (.05)® - 1.138 X 10 
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jiscussio:^ 

It ic reali::od that a precicion inotrunor^t such ao tho Sir 
Co.Ti'ponent latornal Strain Balauco doscribed in this paper is 

not 8onot*la;’, that car. b« slcotchod up on a drawing board, built, 
instrunentod end then put into sorvic* foreyormore* It ie rather, 
the ovolutiou of on idea, based on sound fundanental principles, 
by tiio onrinoers and tochnioiana diroctly concerned with the use of 
the Instruoont, It is believed that the eubjoct balance is based 
on sound and v/orkable prinoiploc and that in tiina such a syetem can 
and will be developed to a hi/h degree of perfection and eoouracya 
Corrosion resistant steal is spoolfiod for the body of the 
balancG, More specifically an S/iS 3330-40 or Stainless Steol **A” 
of Crucible Steel Corapany of jfmarica is intouded, Thasa steels have 
a proportional lixait higher than any niaxiiaisn calculated eti'oss to bs 
encoxjnterGd in the balance. On the othor hand the ordinary corrosicn 
resistant 18-8 stainless steels have a proportional liait of only 
28,000 pei, and would, therefore, not bo satisfactoiT', 

Tho Ejeaauroraont of the lift and pitching raoraent and side force 
and yawing moment are straightfortmrd and no difficulty is anticipated 
in obtaining accurate readings of these oomponents. 

Several types of rolling moment neasuring systems were considered 
which oould have given greater eonsltivity in roll. These other types 
would, howavor, have oeen much larger in eiso duo to the magnitudo of 
tiio lift and pitching moment loads which have to bo carried tJirough 
the rolling moment section* After a conference at (JtTT it was decided 
to go ahead with the type of rolling moment section shorn. This lack 



of sensitivity is not a groat handicap when using the balance syateia 
for to sting projectile shaped cxissiles* Further, the rolling moment 
is considered loss important than lift, drag and pitching moment* 

A dreg beam of the same type used in the North Aaericon balanoo 
•was investigated but 'was discarded In. favor of the type shown beoeuse 
the magnitude of the deflections of beams of sufficient slse to corry 
the other loads in the system is too email to give any sensitivity 
in the North American type drag beam. 

It is apparent from the oaloulatione that maximum lift, pitching 
m<xnent, side force and yawing moment must not be applied simultaneously* 

It is probable that this restriction will not affect the use of the bal- 
ance but it should bo recognised by ar^one using the instrument that 
such a combination of loads will overstross the syetem beyond the 

designed safety factor of five* The stresses •will, however, remain 

« 

below the proportional limit of the material. 

Evaluation of the Balance 

This balance has the following advantages* (a) Small (Approx* 

S'* X 1 3/8” dla,), (b) Corrections to wind tunnel data reduced, 

(o) V;ind tunnel rigging simplified, (d) Automatio recording of all 
forces and moments oan be made simultaneously, and, (e) Balance is free 
from boering fJriotion, gelling, etc. 

Certain disadvantages are also apparent* Among these ere t (a) Inter 
actions cen creep in unless gages ere positioned aoourntely and securely, 
(b) Single gage bridge sensitivity of rolling moment section is limited 
by the size of the section required to carry the other loads in the 
system, (o) Single gage bridge sensitivity of the drag beams is also 
limited by the size of the section required to carry the other loads in 



// 







tho systom, 

3, Devolopmont and Iiaprovament 

Tho sensitivity of tho rollinp; luoment ond drag gngos can be 
inoreasod by using a double gage bridge oirouit ea indiceted in Fig, 2b, 
A further inoroose in tho sonsitivity of the drag beaias can b>3 realized 
by relieving ono ond of oaoh of the drag beams so that they -will bond 
as a single cantilever instead of os a double cantilever. This will 
likely be accompanied by a reduction in mojxinuin lift and pitching msxaent 
loads and should not bo done until the results of calibration and/or 
use indicate the naoessity or desirability of such a modification. 

This balance system is readily adaptable to installation of induct- 
ance or oapacative type electric pickups, when such improved pickups 
are devo loped, Furthenaoro, this typo of balance system is not limited 
to wind tunnol use alone. It is equally adaptable for taodel testing 
while the model is installed on a sting zaotintod in an airplane which 
is in flight. 
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COIJCLUSIOHS 

The Six Component Internal Strain Gage Balance system described 
in this paper is based on sound principles and can be developed to 
a high degree of acouraoy and perfection. 

This typo gage has the following advantages* (a) Small size, 
(Approx, 8 ” X 1 3/8” dia. It osn be made smaller for smaller loads) | 

(b) Corrections to wind tunnel data are reduced, (c) TVind tunnel 
rigging simplified, (d) Automatic recording of oil frooes and mornenta 
can be made simultaneously, (o) Balance system is free from bearing 
friction, galling, eto. 

The following disadvantages are also apparent* (a) Interactions 
will be present uinleas all gages are positioned aocxirotely and s 0 o\a*ely, 
(b) Single gage bridge sensitivity of rolling moment section and drag 
beam is limited by the size of the section required to carry the other 
loads in the system, (c) Simultaneous application of maximum loads 
and moments will overstress the drag beams beyond their design safety 
factor. Stress will, however, remain within the elastic limit of the 
material. 

The accuracy of this gage can be improved by using multiple strain 
gages in series or by the installation of more sensitive electrical 
pickups of inductive or capacitive type when they beoome available. 

This typo of balance system is satisfactory for model testing 
either in a wind tunnel or from an airplane in flight. 
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